Abstract: Rice and wheat are mainly planted in a row structure in China. Radiative transfer models have the potential to provide an accurate description of the bidirectional reflectance characteristics of the canopies of row-planted crops, but few of them have addressed the problem of row-planted structures. In this paper, a new 4SAIL-RowCrop model for row-planted rice and wheat canopies was developed by integrating the 4SAIL model and the Kimes geometric model. The Kimes model and the Kimes-Porous geometric optics (GO) module were used to simulate different scene component proportions. Spectral reflectance and transmittance were subsequently calculated using the 4SAIL model to determine the reflectance of crucial scene components: the illuminated canopy, illuminated background and shadowed background. The model was validated by measuring the reflectance of rice and wheat cultivars at different growth stages, planting densities and nitrogen fertilization rates. The directional and nadir reflectance simulated by the model agreed well with experimental data, with squared correlation coefficients of 0.69 and 0.98, root mean square errors of 0.013 and 0.009 and normalized root mean square errors of 15.8% and 12.4%, respectively. The results indicate that the 4SAIL-RowCrop model is suitable for simulating the spectral reflectance of the canopy of row-planted rice and wheat.
Introduction
Rice and wheat are the primary food crops in China and are mostly planted in rows within the main production areas. During the early growth stage, the bare soil and/or water between rows makes a large contribution to the spectral reflectance in the canopy. This contribution is determined by the row orientation and structure, crop architecture, viewing direction and solar position [1] . Row-planted crops are typical transitional vegetation types between discrete and continuous vegetation, which have a regular row geometric structure, specific row orientation and row distance, etc. However, the row-planted crops also have discrete vegetation characteristics between rows and continuously homogenous vegetation characteristics in within-row canopies. Therefore, it is more difficult to accurately simulate the reflectance of the canopy row structure than is the case for homogeneous canopies. Related studies demonstrate that if the canopies of row crops were assumed to be horizontally homogeneous, large errors occur in the estimation of light penetration, distribution and absorption [2] [3] [4] . The radiative transfer (RT) models previously developed for homogeneous canopy layers were difficult to apply to horizontally discontinuous row canopies [5] [6] [7] . Moreover, some parameters (leaf area index, canopy height, row distance, etc.) included in the anisotropic reflection information of row crops could be retrieved from the BRF (bidirectional reflectance factor) [8] measurement data with the canopy bidirectional reflectance model. Thus, it is important to develop an appropriate canopy bidirectional reflectance model for predicting reflectance in row-planted rice and wheat that can be used to improve light energy utilization in crops and ensure the high inversion accuracy of the canopy bidirectional reflectance model.
Currently, there exist few published studies on canopy bidirectional reflectance models for row-planted crops. Verhoef and Bunnik [9] developed a row effect model by extending the one-layer Suits model [7] by including extra geometrical parameters related to the row structure. The row effect was described by modifying the gap probabilities and coefficients in the Suits model for a homogeneous canopy, however the Suits approach of taking horizontal and vertical leaf area projections to calculate the scattering and extinction coefficients was too drastic [10] . Jackson et al. [11] and later Kimes [12] abstracted the rows as extended rectangular solids without gaps and calculated the proportions of the projected surface area of four surfaces (sunlit and shaded vegetation and sunlit and shaded soil) that were in the direct line of sight of a particular viewing direction. However, the Kimes model did not consider gaps between rows; therefore, mean row width and height measurements must be used to compensate for the effects of the gaps. Verbrugghe [13] described the vegetation surface of plant rows as a collection of opaque spheroidal cylinders placed at a given height above a horizontal plane, which took account of the general shape of the cotton rows and the geometry of each illuminated and shaded facet viewed by the radiometer, but it seems not to be available for row-planted rice and wheat, because of the significant differences in canopy structure. Chen et al. [14] and Yan et al. [15] developed a bi-directional gap probability model for row-planted crops to estimate the thermal infrared domain, which used an overlap index to consider the correlation between the Sun and the viewing directions, to capture the change trend of the directional thermal radiance of the row crops and describe the "hot spots" phenomenon in the thermal infrared domain. Yu et al. [16] proposed a directional brightness temperature model for the canopy structure of row-planted maize that abstracted rows as a porous cube above the soil. Du et al. [17] included a single ideal plant as the basic component of the scene and used Boolean principles to calculate the directional gap probability. These models [14] [15] [16] [17] are appropriate for simulating the directional thermal radiance of a wheat or maize canopy, but not suitable for visible and near-infrared wavelengths. Yan et al. [18] developed a bidirectional reflectance model that simplified plants as clumps of leaves in crowns and linked this to rows with uniform continuous vegetation. This model was validated by comparisons with field measurements of maize, which has a significant bowl shape effect in the near-infrared bands and an overestimation of multiple-scattering contribution to the canopy.
The models described above were mainly geometric optics (GO) models. GO modeling approaches are relatively straightforward and can accurately simulate the angular variations of canopy reflectance as a function of row orientation, crop dimension, soil background and shadow effects, due to different Sun-viewing geometries [19, 20] . However, this approach ignores the surface reflection at the shaded area that results from multiple scattering and the non-Lambertian reflection of the vegetation-soil system, and it is therefore of limited use for estimating the structure of the crop architecture and, therefore, needs to be improved by integrating RT models. RT models have proved to be a promising alternative, as they predict the transfer and interaction of radiation inside the canopy, based on RT theory. Additionally, this method is based on analytical approximations and includes the connection between the biophysical variables and the canopy reflectance. Zhao et al. [19] developed an optical RT model of row crops based on a novel mathematical treatment of the four-stream SAIL model. The performance of the model was evaluated against field measurements of winter wheat, as well as with an established 3D computer simulation model. Multiple scattering contributions within and between rows were included, albeit at the cost of increased complexity. However, this model was evaluated only with the reflectance of red and near-infrared bands at two growth stages of winter wheat. The prediction ability of the model for other visible bands needs to be further assessed, because of their important indicative function of crop leaf photosynthesis.
The three-dimensional differential equations of RT models can be prohibitively complex and may only offer numerical solutions in particular circumstances [21] . The effects of canopy heterogeneity on reflectance have not yet been fully addressed in RT models, which require specific geometrical and structural parameters. The 4SAIL model [22] is typical of this type based on the four-stream differential equation of RT in a layer, which cannot properly describe the effects of canopy heterogeneity on the bidirectional reflectance of the row-planted crops. The reflectance output of this model comprises sunlit and shadow surfaces in which the field of view is divided into four components: (1) sunlit and shaded vegetation surface; (2) sunlit and shaded soil surface [23] . However, the reflectance calculated by the 4SAIL model only gives consideration to single scattering (radiation arising from the sunlit surface in the GO model) and multiple scattering (radiation arising from the shaded surface in GO models and the single-scattering component from light scattered by the sky) of a one-dimensional vegetation canopy. The 4SAIL model assumes plant canopy as a continuous and homogenous layer of infinite extent without considering the specific geometrical and structural parameters (such as row orientation, row structure, etc.), which may induce overestimation of the within-row canopy interception and multiple scattering. Therefore, the 4SAIL model is not suggested for simulating the reflectance values of horizontally discontinuous row canopies when canopy closure has not occurred. However, similar to the idea of combining the RT model and the GO model in the invertible forest reflectance model [24, 25] (INFORM; simulates the bidirectional reflectance of forests), the 4SAIL model can be modified to accurately simulate the reflectance of row-planted rice and wheat by integrating GO models, such as the Kimes geometric model, with geometrical and structural parameters. Since the Kimes model is easy to use and also easy to integrate with the 4SAIL model, it is more appropriate for describing the geometric structure of row-planted rice and wheat crops.
To this end, we aimed to develop a novel row-planted crop model by integrating the Kimes model (GO) with the 4SAIL model (RT), and the simulated bidirectional reflectance of row-planted rice and wheat generated by the model was compared against field data. In this model, the Kimes model serves to calculate the amount of shadowed and illuminated components in an individual scene of a row period and combining the within-row canopy radiative transfer calculations modeled by the 4SAIL model to obtain the scene reflectance.
Materials and Methods

Model Development
The 4SAIL-RowCrop model was developed by combining the Kimes GO model [12] with the 4SAIL canopy reflectance model [22] , in which the 4SAIL model provides RT parameters (reflectance and transmittance) of canopies within rows and the Kimes GO model combines the 4SAIL results into an overall scene reflectance ( Figure 1 ). In order to calculate the overall scene reflectance, the reflectance of each component in the scene was weighted by its fractional area and summed according to Formula (1):
where Lcanopy, Sunsoil1, Sunsoil2, Shasoil1 and Shasoil2 are the proportions of the canopy within rows, the sunlit background for the first category (s1, equivalent to the sunlit soil component in the original Kimes model with which the crop canopy in direct view of the sensor did not interfere), the sunlit background for the second category (s2, the new sunlit soil component of the Kimes-Porous GO module added to the Kimes model with which the crop canopy in direct view of the sensor did interfere), the shadowed background for the first category (sh1, equivalent to the shaded soil component in the original Kimes model) and the shadowed background for the second category (sh2, the new shaded soil component of Kimes-Porous GO module added to the Kimes model) in direct view of the sensor, respectively. The proportions of the five projected surfaces for each view direction equaled the row spacing divided by the relative horizontal length of each component on the ground. ρ c , ρ s1 , ρ s2 , ρ sh1 , ρ sh2 denote the reflectance of the five projected components, respectively. Rice and wheat canopy shapes were considered to be porous hedgerows with a rectangular cross-section configuration, and the Kimes-Porous GO module was added to the original Kimes model, so that the second category, sunlit background (s2), and shadowed background components (sh2) were included in the 4SAIL-RowCrop model. 
Modeling Algorithm
The canopy of the row crop was modeled as a porous hedgerow with a rectangular cross-section configuration, similar to the scene reflectance in the GeoSail model [26] . Scene reflectance was determined by calculating an area-weighted average of three landscape components (canopy, sunlit background and shadowed background) in an individual scene of periodic vegetation canopy along rows.
Algorithm of the RT Simulation Module
The 4SAIL model was derived from the four-stream differential equations [22] to avoid the problems associated with mathematical inaccuracies by using a safer and more robust analytical solution than the SAILH model [27, 28] . The output from the 4SAIL model integrated sunlit and shaded vegetation, combining these two components from the Kimes model into a single canopy component. The bidirectional reflectance (ρ c ) of the canopy component was calculated by the 4SAIL model as follows:
where S λ /Q λ is the proportion of the direct solar spectral irradiance compared to the total spectral solar irradiance in a horizontal plane above the plant canopy. r so is the single scattering contribution to the BRF, and r m is the contribution of multiple scattering. 
where ρ soil is the reflectance of the bare soil and the single scattering contribution to ρ s1 , and r soil m is the multiple scattering of the interdune soil. ρ s2 includes the single and the multiple scattering contributions of s2. Due to light extinction by the canopy for ρ s2 in the observation direction, ρ s2 was calculated as follows:
where P s2 oo is the modified average crown transmittance (gap probability) of the direct light in the viewing direction based on the 4SAIL model for the second category illuminated background. The product of P s2 oo and ρ soil is the single scattering contribution to ρ s2 . ρ sh1 includes the single and multiple scattering contributions of sh1. The first category shaded soil is the area of lower illumination resulting from light absorption by the canopy in the direction of the sun, and ρ sh1 was calculated as follows:
where P sh1 ss is the modified average crown transmittance (gap probability) of the direct light in the solar direction based on the 4SAIL model for sh1. The product of P sh1 ss and ρ soil is the single scattering contribution to ρ sh1 . ρ sh2 includes the single and multiple scattering contributions of sh2, which is extinguished by the canopy in the sun and observation directions, and ρ sh2 was calculated as follows: 
where P sh2 ss and P sh2 oo are the modified average crown transmittance (gap probability) of the direct light in the solar direction and in the viewing direction based on the 4SAIL model for sh2. The product of P sh2 ss , P sh2 oo and ρ soil is the single scattering contribution to ρ sh2 .
According to the position of the x-axis viewing direction or solar direction cast point, an individual scene of row period was divided into four parts: A, B, C, D (Figure 2 ). For the continuously homogenous canopy, the average crown transmittance (gap probability) of the direct light in the viewing direction or solar direction was given by:
where τ θ (P θ ) is the average crown transmittance (gap probability) of the direct light in the viewing direction (τ oo ) or solar direction (τ ss ) from the 4SAIL model. G θ is the Ross-Nilson G-function, the projection of a unit leaf area onto the surface normal in the viewing direction or solar direction. u and h are the leaf area density (m 2 /m 3 ), row height (m), respectively. μ is cos(θ). Equation (9) was converted to Equation (10):
According to Equations (9) and (10), the average gap probabilities of the four parts (A, B, C, D) were calculated as follows:
where P A , P B , P C and P D are the average gap probabilities of the four parts, A, B, C and D, respectively. In the nadir viewing direction and the solar direction θ situation, the P B is the average gap probability of the direct light in the solar direction for sh1 (P Notes: lp, ls and h denote the row width, visible soil strip length between rows and row height, respectively. θ is the viewing zenith angle or solar zenith angle. The origin of x is at the footprint of the left corner of one hedgerow. Table 1 . The relative horizontal projected length and average gap probability of the direct light in the solar direction for the shadowed background for the first category (sh1) in different nadir viewing direction situations.
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 Notes: θ s and θ o are the solar zenith angle and viewing zenith angle. τ ss and τ oo are the average crown transmittance (gap probability) of the direct light in the solar direction and viewing direction from the 4SAIL model. k ss is −ln(τ ss )/h, and k oo is −ln(τ oo )/h respectively. P s2 oo is the modified average crown transmittance (gap probability) of the direct light in the viewing direction based on the 4SAIL model for s2. P sh1 ss is the average crown transmittance (gap probability) of the direct light in the sun direction modified from the 4SAIL model for sh1. P sh2 oo and P sh2 ss are the modified average crown transmittance (gap probability) of the direct light in the viewing direction and solar direction based on the 4SAIL model for sh2. Null denotes that this parameter is null in specific situations. Void + L1 ≤ ls and L1 < lp 
θ s and θ o are the solar zenith angle and viewing zenith angle. τ ss and τ oo are the average crown transmittance (gap probability) of the direct light in the solar direction and viewing direction from the 4SAIL model. k ss is −ln(τ ss )/h, and k oo is −ln(τ oo )/h respectively. P s2 oo is the modified average crown transmittance (gap probability) of the direct light in the viewing direction based on the 4SAIL model for s2. P sh1 ss is the average crown transmittance (gap probability) of the direct light in the sun direction modified from the 4SAIL model for sh1. P sh2 oo and P sh2 ss are the modified average crown transmittance (gap probability) of the direct light in the viewing direction and solar direction based on the 4SAIL model for sh2. Null denotes that this parameter is null in specific situations.
Geometric Structure Description of Rice and Wheat Canopy
In the 4SAIL-RowCrop model, the shape of the rice and wheat canopy was modeled as a porous hedgerow with a rectangular cross-section configuration, and the row geometry and coordinate system of a cross-row section are shown (Figure 3) . The symbols h, lp, ls and ld refer to row height, row width, visible soil strip length between rows and the row distance, respectively.
The solar zenith and azimuth angles and the viewing zenith and azimuth angles were defined as θ s and ψ s and θ v and ψ v , respectively. The mean leaf inclination angle was defined as ALA. ψ row represents the row azimuth angle (in the north-south orientation). The azimuth angle was fixed at 0° in the north direction and increased from north to south clockwise from 0° to 360°. The solar-row azimuth and viewing-row azimuth angles were defined as β s and β v , respectively. The solar and viewing directions projected in the plane perpendicular to the rows were represented by their inclination angles θ 1 (solar row angle) and θ 2 (sensor row angle), respectively. The following relationships applied: 
The real leaf area index (LAI) of the row crop was defined as LAI row , and the mean LAI of the row crop in the field was defined as LAI mean . Their relationship was described as:
The relative horizontal projected lengths of the row height on the ground in the Sun direction and in the view direction were defined as L1 and void, respectively, and calculated as follows:
x y ld lp ls h z Parameters sunsoil1, shasoil1, sunsoil2 and shasoil2 were defined as the relative projected horizontal length (with direct view to the sensor) of the s1, s2, sh1 and sh2, respectively. The Lcanopy parameter represents the relative projected horizontal length on the ground of the canopy component in the direct line of sight of a particular view direction. Lcanopy, sunsoil1 and shasoil1 were calculated using the Kimes model. Sunsoil2 and shasoil2 were calculated according to three situations based on the geometric relationship between the RS sensor and the sun, as follows:
(1) Both sunsoil2 and shasoil2 were equal to 0 when the viewing zenith and azimuth angles were equal to 0° (nadir direction). The relative average crown transmittances (P sh1 ss ) of the direct light in the solar direction derived from the modified 4SAIL model for sh1 were listed in Table 1. (2) Six scenarios occur (L1 ≤ ls ≤ void; ls <L1 ≤ void; L1 > void ≥ ls; L1 ≥ ls and void < ls; void ≤ L1 < ls; L1 ≤ void ≤ ls) when the viewing direction was backwards (the RS sensor was located on the same side as the Sun; Figure 4 ). The relative average crown transmittances (gap probability, P θ ) are listed in Table 2 , in which six scenarios were refined as nine scenarios in the gap probability calculation process. Sunsoil2 and shasoil2 are listed in Table 4 . (3) Four scenarios occur (void + L1 ≤ ls; void < ls and L1 + void > ls; void ≥ ls ≥ L1; void ≥ ls and L1 > ls) when the viewing direction was forwards (the RS sensor was located on the opposite side as the Sun; Figure 5 ). The relative average crown transmittances (gap probability, P θ ) are listed in Table 3 , in which four scenarios were refined as five scenarios in the gap probability calculation process. Sunsoil2 and shasoil2 are listed in Table 4 . Figure 5 . The sketch map of the forward-scatter situation.
Notes: lcanopy, shasoil1, sunsoil1 and sunsoil2 are the relative horizontal length on the ground of the within-row canopy, the shadowed background for the first category and the illuminated background for the first and second category in the direct line of sight of a particular view direction, respectively.
Field Data
Two wheat (Triticum aestivum L.) and one rice (Oryza sativa L.) field experiments were conducted to test the performance of the 4SAIL-RowCrop model. These experiments involved different cultivars, sowing dates and nitrogen fertility rates from multiple ecological sites and growth seasons, as shown in Table 5 . Spectra for the canopy multi-angle, canopy nadir direction, leaf and soil were measured and synchronized with the measurement of agronomic parameters, such as the LAI and leaf inclination angle of rice and wheat. Two commonly used vegetation indices, the normalized vegetation index (NDVI) [30] and the soil-adjusted vegetation index (SAVI) [31] , were also calculated to evaluate the A FieldSpec 3 spectrometer was used to measure the canopy spectra of rice, wheat and soil. This instrument has a spectral range of 350-2500 nm and a sampling interval of 1.4 nm with a spectral resolution of 3 nm between 350 and 1000 nm, and a sampling interval of 2 nm with a spectral resolution of 10 nm between 1000 and 2500 nm. For in situ measurements of canopy reflectance spectra, the sensor was attached to a rod and placed at nadir 2.25 m above the rice canopy, resulting in a view area diameter of approximately 1.0 m, which covered approximately four rows in the cross-row section. The footprint area was an ellipse when the viewing direction was away from the nadir direction. During sunny conditions, all canopy spectral measurements were performed between 10:00 and 14:00 (Beijing local time; solar zenith angle less than 45°). Canopy multi-angle spectra were measured in the principal plane direction with a viewing zenith angle in the range of −60° to 60° and were recorded with an interval angle of 30° for wheat and 10° for rice. Six repeats were performed for each interval angle and five repeats for each plot. Spectra reflectance was acquired for the canopy nadir direction at the same sampling site of the nadir spectra measurement; soil and leaf were measured as described in ASD, and agronomic parameters were determined as described by Li-Cor [32] . Sampling times are shown in Table 3 .
Squared correlation coefficients for model validation (R 2 _VAL), root mean square error (RMSE) and normalized root mean square error (NRMSE, %) were used to calculate the fitness between the estimated and observed values [19] and to evaluate the overall performance of model. In general, all data calculations were implemented with IDL 8.0.
Results
Model Input Parameters
The input parameters of the 4SAIL-RowCrop model and 4SAIL model are listed in Table 7 . The solar zenith and solar azimuth angles could be calculated from the latitude, longitude and time of the study area, and the viewing zenith and viewing azimuth angles were obtained from the measurement of canopy spectra. The shade and non-shade ratio of the measured data was taken as a proportion of sky scattered light, and the ratio of direct to total radiation was equal to one minus the proportion of scattered light as measured by an ASD FieldSpec3 2500 spectrometer instrument (Analytical Spectral Devices, Boulder, CO, USA) fitted with a gray reference board. LAI, average leaf inclination angle and the azimuth angle of the ridge were also calculated. Values for line width, ridge spacing and plant height were determined by field measurement, as was soil reflectance. Leaf reflectance and transmittance were calculated using the PROSPECT model [33] [34] [35] [36] [37] or measured in the field. 
Rice and Wheat Canopy Bidirectional Reflectance Simulation Analysis
The principal plane (PP) simulated results by the 4SAIL-RowCrop model, red (600 nm, R), blue (450 nm, B), green (550 nm, G), red edge (700 nm, R-edge), NIR (800 nm, Nir), with NDVI and SAVI as examples, were compared with the measured rice and wheat bidirectional reflectance data. The canopy structural parameters, sun/viewing geometrical parameters and optical parameters are listed in Tables 8 and 9 , respectively. The visible bands (blue, green, red), red edge bands and NIR bands are important variables for characterizing leaf photosynthesis, the biochemical constituents (e.g., chlorophyll and nitrogen contents) and the biomass and leaf area index of crops, respectively.
The NDVI (normalized difference vegetation index) is an important vegetation index, extensively used to indicate vegetation status. To account for changes in the soil optical properties, soil-adjusted indices minimizing the background influence have been developed. The leading index in such improvement is the SAVI (soil-adjusted vegetation index). Notes: red, NIR, blue, green and red edge bands are 600, 800, 450, 550 and 700 nm, respectively. ρ leaf , τ leaf , ρ soil and S λ /Q λ denote leaf reflectance and transmission, soil reflectance and the proportion of the total spectral solar irradiance to the total spectral solar irradiance in a horizontal plane above the plant canopy, respectively.
The BRF reflectance of rice and wheat simulated by the 4SAIL-RowCrop model and the 4SAIL model both shared a similar trend and curve shape with the measured reflectance ( Figure 6 ). For wheat, values of the B, G, R and R-edge reflectance decreased with increasing observation zenith angles in the forward direction and in the backward direction, reaching the peak value at the hotspot. However, the values of Nir reflectance, NDVI and SAVI increased with increasing observation zenith angles in both the forward and backward scattering directions and reached minimum values near the nadir direction (zenith angle of 0°; Figure 6a ). The 4SAIL-RowCrop model simulated values were slightly higher and lower than the measured values in the B band and G/R-edge bands, respectively. However, the 4SAIL-RowCrop model simulated values were consistent with the measured values of the R/Nir and NDVI/SAVI bands (Figure 6a) , and the 4SAIL-RowCrop model simulated values were more close to the measured Nir band reflectance values than the R band reflectance values of wheat canopies. The 4SAIL model simulated values were higher and lower than the measured values in the NIR band and visible/R-edge bands (Figure 7) . On the whole, the simulated values were in good agreement with measured values (Table 10 ). For rice, the values of G, R and R-edge reflectance increased with increasing viewing zenith angle in the forward and backward directions, whereas B reflectance reached its peak −40° and then decreased in the forward direction. In contrast, Nir reflectance, NDVI and SAVI increased with increasing observation zenith angles in the forward direction (although these values were low at a viewing zenith angle of −10°) and increased in the backward direction up to the peak value at the hotspot. Hotspot reflectance could not be accurately measured by the sensor, due to self-shading and the large field of view of 25°, as previously described [18, 19] . The 4SAIL-RowCrop model simulated values were slightly lower than the measured values in the visible and R-edge bands and comparable for the Nir bands and SAVI, and it is clear that the 4SAIL-RowCrop model simulated values were closer to the measured Nir band reflectance values than the R band reflectance values of rice canopies. The 4SAIL model simulated values were lower than the measured values in the NIR band and visible/R-edge bands (Figure 7 ). This may be caused by the underlying surface specular reflection of the thin layer of water that was included to increase reflectance in the forward direction and decrease reflectance in the backward direction of the visible wavelengths. The overall reflectance values of the bands in the forward direction were lower than those in the backward direction for both wheat and rice ( Figure 6a, Figure 6b ). The spectra data analysis of rice and wheat indicated that the 4SAIL-RowCrop model performed better than the 4SAIL model.
Canopy Nadir Spectral Reflectance during Different Growth Stages
Simulated nadir spectral reflectance and VI values of the 4SAIL-RowCrop model were compared to field measured values during different growth stages. Model parameters were assigned using average values from the validation dataset, and 12:00 noon local time served as the simulation time in the different growth stages. The results showed that the simulated spectral values of the 4SAIL-RowCrop model were highly consistent with measured values during different growth stages in both rice and wheat. Changes in growth patterns under different planting treatments were highly similar irrespective of the different cultivars, nitrogen fertility rates and planting densities. The general trend showed an initial decrease in the R and R-edge bands from the tillering stage to the booting stage and a subsequent increase from the heading stage to the maturity stage. The reflectance of the Nir band exhibited the opposite trend, with values peaking between the booting and heading stages (Yangmai 12 and Shanyou 63 as examples; Figure 8) .
Differences between the simulated and measured values for different growth stages were quantitatively compared using the validation dataset. The results showed that the squared correlation coefficient of simulated and measured values for rice and wheat were both above 0.93 (Table 11 ) over the whole growth circle. In the early growth stages (in which the canopy was not fully covered), the 4SAIL-RowCrop model simulation values gave root mean square error (RMSE) and normalized root mean square error ( NRMSE) values of 0.0089 and 6.11%, respectively, whereas in the late growth stage (the canopy was fully covered), the RMSE and NRMSE were 0.0160 and 8.61%, respectively.
For wheat canopies, the Nir band was the most accurately simulated, with RMSE and NRMSE values of 0.0057 and 2.23%, respectively. The B band gave the poorest simulation score, with RMSE and NRMSE values of 0.0061 and 15.34%, respectively. For rice canopies, the best simulation was also the Nir band, with RMSE and NRMSE values of 0.0038 and 1.06%, respectively, while the R band gave the poorest simulation scores (RMSE and NRMSE of 0.0074 and 13.53%, respectively).
Overall, these results indicate that the 4SAIL-RowCrop model is capable of accurately modeling the nadir spectral reflectance of rice and wheat during different growth stages. 
Canopy Nadir Spectral Reflectance under Different Cultivation Conditions
The simulated nadir spectra of 4SAIL-RowCrop model for different cultivars (Figure 9a,b) , cultivation densities (Figure 9c,d ) and nitrogen fertility rates (Figure 9e ,f) were compared with field data using the jointing stage dataset for wheat and the filling stage dataset for rice (Table 12 ). The simulated nadir spectra showed the same overall characteristics as the measured spectra irrespective of the cultivation conditions.
For the rice canopy, reflectance in the G, R and Nir bands was higher for cultivar Shanyou 63 than for Wuxiangjing 14 (Figure 9a ). There were significant increases in the R-edge and Nir spectra and more subtle changes in the visible bands with increased cultivation densities (Wuxiangjing 14 as an example; Figure 9c ). Spectral reflectance decreased in the visible bands, but increased in the R-edge and Nir bands with increasing nitrogen fertility rates (Wuxiangjing 14 as an example; Figure 9e ). These spectral characteristics were the same for different rice cultivars (Shanyou 63 and Wuxiangjing 14). For the wheat canopy, the canopy reflectance values of Yangmai 12 were higher in the Nir bands and slightly lower in the visible bands (Figure 9b ), and this trend was retained irrespective of cultivation density and nitrogen fertility rate (Ningmai 9 as an example; Figure 9d ,f).
The squared correlation coefficients of simulated and observed values were approximately 0.9 for both rice and wheat under a variety of conditions (Table 12) , supporting the reliability of the 4SAIL-RowCrop model for simulating the canopy nadir direction spectral reflectance under different cultivation conditions in rice and wheat. 
Discussion
In this study, a novel row crop GO-RT bidirectional reflectance model (4SAIL-RowCrop) was developed by coupling the 4SAIL and Kimes models. GO models considered the row crops as opaque rectangular solids without simulating the multiple-scattering radiation transfer process within the canopy, which resulted in the bad simulation of the reflectance of NIR bands [19] . The effect of canopy heterogeneity on bidirectional reflectance for the row-planted crops canopies were not appropriately quantified by RT models, because of less consideration for the geometrical structure parameters [24] . Thus, combining the GO model and the RT model may be a good approach to better simulate the bidirectional reflectance of the row-planted crops canopies despite that a row RT model was developed by Zhao et al. [19] based on the four-stream SAIL model and performed well in winter wheat. Therefore, in this paper, the 4SAIL-RowCrop model was developed by simultaneously taking into consideration row crop geometry and canopy RT processes, which overcame the failings of the previous 4SAIL model in simulating row crop bidirectional reflectance [22] and performed well in both row-planted rice and wheat. However, the 4SAIL-RowCrop model can be further evaluated and compared with the published row model developed by Zhao et al. [19] in future work. Furthermore, the inversion of the 4SAIL-RowCrop model will be a research topic in our future work. Since the 4SAIL-RowCrop model needs over ten input parameters, a priori knowledge of the row-planted rice and wheat should be provided (e.g., some structural parameters: row width, row height) in order to get an improved performance for biophysical parameter mapping. Moreover, when the prior information of input parameters is provided, it is strongly recommended to implement algorithms from increasing the dimensionality of the feature space to the use of neighborhood information [38] , mitigating the ill-posed inverse problem and, thus, leading to higher estimation accuracies.
The multiple scattering of the inter-dune soil between the rows was also considered in the 4SAIL-RowCrop model in order to improve the accuracy of the reflectance values [18] . However, the simulated reflectance values generated by the model were lower than values measured in the field for R-edge bands, which may be due to the dependence of R-edge reflectance on crop type and nitrogen concentrations [39] . Inaccuracies in the field measurements of the canopy structure parameters and spectral data may also introduce errors. The 4SAIL-RowCrop model performed better with wheat than with rice overall. This is likely due to the surface specular reflection from the thin water layer present under the rice canopies, which increased the visible spectral reflectance of the simulations in the forward direction and lowered this parameter in the backward direction. Therefore, further work is required to quantify the specific impact of the water on the canopy reflectance spectra for rice. When the solar or viewing azimuth angle and the row orientation angle are very close to each other, the soil between rows has a large proportion of contribution to the scene reflectance, which makes the simulated results of 4SAIL-RowCrop model higher than the 4SAIL simulated results. However, this is not the case when there was a large difference between the solar or viewing azimuth angle and the row orientation angle. This is probably due to the use of the LAI row parameter in the 4SAIL-RowCrop model instead of LAI mean , which was used in the 4SAIL model. LAI mean is lower than LAI row , because the within-row crop LAI is the product of row crop mean LAI and row distance divided by row width, which lowers the simulated reflectance in the 4SAIL model. Moreover, the soil between row reflectance had a big influence on the red band, so the 4SAIL-RowCrop model always simulated slightly higher reflectance values than the 4SAIL model. Notably, reflectance in the forward direction was lower than that in the backward direction for all bands. This may be explained by the hotspot effect that occurs in the backward direction of row-planted crops.
The results from different cultivation conditions also indicated that the 4SAIL-RowCrop model performed better for modeling nadir direction reflectance spectra than for modeling bidirectional reflectance spectra. This may be due to the fact that the nadir directional canopy spectra are measured vertically and so are limited by differences in the layers corresponding to leaf nutrient content, structural parameters and environment. Moreover, the contribution made by different layers to the canopy reflectance spectra change with the viewing direction [40] . With both wheat and rice canopies, the nadir directional and bidirectional reflectance spectra were most accurately simulated for the Nir band, with NRMSE values of less than 14.4%. The simulation of bi-directional reflectance in the visible bands was significantly less accurate, and the B band was simulated with the poorest accuracy, with NRMSE values over 15.3%. Improving the accuracy of the simulation of the bidirectional reflectance in the visible bands is a target for future work.
The 4SAIL-RowCrop model performed well during the earlier stages (referring to the tillering stage, jointing stage, up to the booting stage) of growth before crop canopy closure occurred. This suggested that the contributions of sunlit soil and shaded soil to the canopy reflectance spectra in the 4SAIL-RowCrop model were superior to those in the 4SAIL model [22] . However, the wheat and rice crops at the juvenile stage or seedling stage cannot be considered as a hedgerow, so we suggest this new model be used from the tillering stage. Moreover, after canopy closure in rice and wheat (from the heading stage to the maturity stage), the precision of the simulation was somewhat lower, as previously observed by Li et al. [41] . This may be due to the model ignoring the impact of spikes. In the later growth stages of rice and wheat, spikes can last over a month, and both spikes and leaves affect canopy reflectance characteristics. Furthermore, the spikes of rice and wheat are higher in the row direction at the top of the canopies; therefore, spikes may affect leaf layer and soil layer radiation [17] . Spikes may cover leaves during the late growth stages after heading, and the radiation measured by the sensor would be dependent on the contributions from soil, leaves and spikes; this should be taken into consideration in future models.
In addition, soil was assumed to behave in a Lambertian manner, and soil spectra were considered constant throughout the growth circle in the 4SAIL-RowCrop model. This ignores the directional simulated reflectance characteristics of soil [22] and may introduce errors in the overall canopy reflectance simulation. In future models, the bidirectional reflectance of soil should be incorporated. Another assumption was that leaves were randomly distributed, and this ignores the effects of clumping. Parameterization of clumping effects along the row direction should also be included in future models to more accurately simulate the spatial distribution of leaves in the canopy.
Conclusions
The paper presents the development and implementation of a novel and efficient canopy reflectance model (4SAIL-RowCrop) capable of simulating the bidirectional reflectance of row-planted rice and wheat canopies. The bidirectional reflectance and nadir reflectance simulated by the 4SAIL-RowCrop model were in good agreement with field measurements, with squared correlation coefficients of 0.69 and 0.98, root mean square errors of 0.013 and 0.009 and normalized root mean squared errors of 15.8% and 12.4%, respectively. These results demonstrated the ability of the 4SAIL-RowCrop model to accurately simulate the bidirectional reflectance and nadir reflectance of row-planted rice and wheat canopies.
The 4SAIL-RowCrop model performed better for modeling nadir reflectance than for modeling bidirectional reflectance. Moreover, the 4SAIL-RowCrop model performed better for wheat canopies than for rice canopies. Furthermore, the wheat and rice crops at the juvenile stage or seedling stage cannot be considered as a hedgerow. The precision of the simulation was slightly lower after canopy closure in rice and wheat (from the heading stage to the maturity stage). Therefore, we suggest the 4SAIL-RowCrop model be used from the tillering stage to the heading stage.
This research is expected to use remotely sensed data for assessing the living status of the row-planted crops (rice and wheat) and predicting the yield of row-planted crops. The study will also contribute to the efforts of improved performance for biophysical parameter mapping. This promising model requires further testing under a wider range of conditions and will benefit from refinements that allow its use in multiple crop production systems.
